ABSTRACT
INTRODUCTION
The use of RBCs as restorative materials has rapidly increased during the past few decades. Their unique properties including ease of handling and successful clinical performance have made them the material of choice for dental practitioners. 1 The RBC demonstrates improved esthetics, mechanical properties, and bonding strength to tooth structure. Hence, they are considered compatible materials for direct anterior and posterior restorations. 2 Their clinical performance and longevity have demonstrated durability; however, the limitations with RBC restoration still exist. 2 The physicochemical and mechanical properties of such polymers depend on the degree of conversion (DC) and definitive network structure. 3 In addition, the type of monomer has a significant influence on the polymerization reaction, mechanical properties, and water sorption of RBCs. 4 The durability and performance of bulk-fill RBCs can be evaluated by characterization of their mechanical properties. 5 For instance, material hardness is a measure of degree of polymerization and resistance to surface wear. 6 Similarly, resistance to fracture and clinical failure of restorative materials reflect flexural and compressive strengths. 7 Moreover, outcomes of DTS testing were developed to investigate brittle materials with little or no plastic deformation. 8 All these properties are critical for the clinical survival of resin-based restorations. Continued development in material sciences has resulted in the introduction of bioactive restorative
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materials. 9 They elicit a response from teeth, activating a mechanism for the purpose of tissue repair or synthesis by artificial means. 10 These materials have undergone modifications to improve their mechanical properties critical for clinical function and survival. 11, 12 A similar material, Bioactive bulk-fill, has been introduced with the claim of improved mechanical strength, toughness, and fracture resistance. In comparison with RBC restorative materials, bioactive materials have minimal polymerization shrinkage (<1.7%) in addition to their ability to stimulate remineralization. 13 Moreover, their composition is resinmodified glass-ionomer cement(RMGIC) and they form intimate contact with the dentin walls and display hydrophilicity. 14, 15 All these properties allow dental bioactive materials to minimize gap formation and microleakage at the restoration-tooth interface. Another critical factor in the survival of bioactive restorative materials is their resistance to breakdown in the oral environment during function i.e., mechanical resistance. 15 However, there is a dearth of studies comparing mechanical properties of contemporary bulk-fill RBCs and bioactive bulk-fill materials.
A comparison of a novel bioactive material's (ACTIVA) mechanical properties with conventional RBCs and glass ionomer cement (GIC) restorative materials will enable practitioners to make informed evidence-based clinical decisions and predict prognosis of restorative materials. In addition, simulation of oral conditions for restorative material testing is often provided by in vitro thermocycling (clinical aging). However, to our knowledge from indexed literature, there are no studies assessing and comparing the mechanical properties of FS, DTS, and microhardness of bioactive (ACTIVA) and conventional restorative materials (RBC and GIC). It is hypothesized that there will be no difference in the mechanical properties of bioactive bulk fill, contemporary bulk-fill RBCs, and conventional bulk-fill GIC-based materials. Therefore, the aim was to perform a comparative analysis of bioactive, contemporary RBCs, and conventional GIC bulk-fill materials for microhardness VHN, DTS, and FS in the presence of thermocycling.
MATERIALS AND METHODS
Five direct resin-based restorative materials were evaluated for DTS, FS, and microhardness properties (VHN). The materials included Tetric N-Ceram Bulk Fill (Ivoclar-Vivadent), SDR Flowable Material (DENTSPLY Caulk, Milford, DE, USA), ACTIVA (PULPDENT, Germany), Ketac Universal Aplicap (3M Deutschland GmbH, Germany), and GC Fuji II LC (GC Corporation, Tokyo, Japan). The composition of tested materials is presented in Table 1 .
Diametral Tensile Strength
Totally, 10 cylindrical (4.0 mm diameter × 6 mm height) specimens were fabricated from each material (five groups) according to manufacturer's specifications. The materials were inserted and packed in a customized cylindrical polyvinylsiloxane (PVS) material (Putty, Express™ STD; 3M ESPE, USA) whose ends were blocked with two glass slides. The material was light-cured using Elipar™ S10 (3M ESPE, USA) for 20 seconds through each end of the cylinder. The specimens were removed from the mold and the excess material was trimmed using a 600 grit silica-carbide (SiC) paper. Specimens were stored in a lightproof container with distilled water, and later were stored in the incubator (Memmert Edestahl, Rostfrei, West Germany) at 37°C and 100% relative humidity for 24 hours. Five specimens in each material group were thermocycled (Thermocycler SD Mechatronik, GmbH Dental Research Equipment, Germany) for 5,000 cycles at 5°C and 55°C (dwelling time: cold bath, 30 seconds; hot bath, 30 seconds) and the other half of samples did not 
Flexural Strength
For the three-point FS test, 10 rectangular-shaped (2 mm height × 2 mm width × 25 mm length) specimens were fabricated from each material (five groups) using a customized PVS putty mold (Express STD; 3M ESPE, USA). The restorative materials were packed inside the mold positioned on a glass slab. Photo-polymerization using Elipar S10 (3M ESPE, USA) was performed for 20 seconds through the glass slab positioned on the mold at upper and lower surfaces. All specimens were removed from the mold and polished using a 600 grit SiC paper. The specimens were subsequently kept in a lightproof container with distilled water and stored in the incubator (Memmert Edestahl, Rostfrei, West Germany) at 37°C and 100% relative humidity for 24 hours. Five specimens in each group were subjected to thermocycling (for 5,000 cycles at 5°C and 55°C, dwelling time 30 seconds). A three-point bending test using Universal Testing Machine (Instron 5965, Norwood, MA, USA) at a cross-head speed of 0.5 mm/min was performed on all specimens until fracture (Fig. 2) .
Vickers Microhardness Test
Ten cylindrical (4 × 6 mm) specimens for each material were fabricated according to the technique explained in earlier sections. The specimens were trimmed using a 600-grit SiC abrasive and assessed using a digital caliper (Mitutoyo Corp., Tokyo, Japan). The specimens were stored in an incubator (Memmert Edestahl, Rostfrei, West Germany) at 37°C and 100% relative humidity for 24 hours. Half of the samples in each material group (five specimens) were thermocycled for 5,000 cycles at 5 and 55°C (dwelling time, 30 seconds). All specimens were fixed in a holder and the test surface was perpendicular to the indenter tip with shape of right pyramid with a square base having the angle between opposite faces of 136°. Surface microhardness of the samples was determined using (Innovatest, Micro Vickers tester, Micro-Met II, BUEHLER, IL, USA) a Vickers diamond indenter with a 50 gf load applied for a duration of 15 seconds. The indentations were measured by a built-in graduated microscope with ×40 objective lens. Five indentations were made for each tested sample and the mean was identified.
Statistical Analysis
Univariate two-way ANOVA, one-way ANOVA, and Tukey post hoc tests (version 20.0, IBM, New York, USA) (α = 0.05) were performed to analyze significant differences in FS, DTS, and VHN (dependent variable) between different materials and aging groups (independent variables). The independent t-test was used to detect differences (α = 0.05) in FS, DTS, and VHN between groups for each material. All data were subjected to Levene's test of homogeneity of variance (α = 0.05) following the assumption of equal variances. (Table 2 and Graph 1). The results of DTS are shown in Table 3 . The findings demonstrate that SDR (141.28 ± 0.94) had the highest value, followed by N-Ceram (136.61 ± 1.56) and ACTIVA (129.05 ± 1.78). It was revealed that SDR (139.08 ± 1.36) maintained the highest value of DTS post-thermocycling. Furthermore, the percent decrease in DTS in SDR was also marginal. Ketac showed the lowest DTS before (40.22 ± 2.17) and after (37.22 ± 0.77) thermocycling among all study groups. There was significant difference in the tensile strength values between all groups (p < 0.05). Thermocycling showed significant reduction in FS of specimens in all study groups (p < 0.05) (Graph 2).
RESULTS
The VHN values among the study groups are presented in Table 4 . The VHN was significantly different among all study groups (p < 0.05). It was observed that ACTIVA (before, 22.67 ± 0.35; after 22.59 ± 0.77) had the lowest VHN value, whereas Ketac (before, 98.89 ± 0.44; after, 80.35 ± 1.93) had the highest value of VHN before and after thermocycling. It is worth noting that thermocycling had no considerable influence on the VHN of ACTIVA (p = 0.83) and N-Ceram (p = 0.20). Thermocycling significantly reduced (P < 0.01) VHN for Fuji, Ketac, and SDR materials (Table 4 and Graph 3).
DISCUSSION
The present study was based on the hypothesis that the mechanical properties (FS, DTS, and microhardness [VHN]) tested are comparable among bioactive, RBC, and GIC bulk-fill materials. The assessed properties, which included FS, DTS, and microhardness (VHN) of Bioactive bulk-fill (ACTIVA), were significantly better than bulk-fill GIC. Bioactive restorative material (ACTIVA Bulk Fill) showed comparable FS and DTS with conventional RBC. Therefore, the study hypothesis was rejected.
The present study simulated the oral temperature changes by undertaking thermocycling for half of the samples included in each study group. Only five samples were included in groups with and without thermocycling. A power analysis at 80% power was performed to identify samples size (five samples) from means and standard deviations (SDs) from previous studies. 16 The present study compared the mechanical properties of RBCs, GICs, and bioactive RMGIC, as these are commonly used Same superscript lowercase letters demonstrate no significant differences between materials (columns), while *denotes a significant difference and **denote a highly significant difference between tested groups (rows)
Graph 1: Presentation of FS among compared restorative materials before and after thermocycling using a bar graph
Graph 2: Presentation of DTS among compared restorative materials before and after thermocycling using a bar graph Same superscript lowercase letters demonstrate no significant differences between materials (columns), while *denotes a significant difference and **denote a highly significant difference between tested groups (rows) JCDP materials in dental-restorative procedures. The fracturerelated properties of materials are determined by FS testing and are critical if the material is used for Class I, II, or IV cavities. 17 The FS of materials under transverse bending has been suggested as a way of measuring their brittleness. In addition, tensile stress induced by bending should be highest at the outermost layer of the test specimens as failure begins at the surface. Therefore, the surface characteristics of restorative materials may affect the FS. 16 For screening of resin-based materials, FS is one of the key mechanical properties selected by the International Organization for Standardization (ISO). 18 The ISO has set 80 MPa as the minimum FS (benchmark) for polymerbased filling and restorative materials as suitable and acceptable for restorations involving outer occlusal surfaces. 18 The findings for the FS revealed that N-Ceram, ACTIVA, and SDR demonstrated the highest and comparable FS, whereas Ketac and Fuji showed lower FS. By contrast, in a study by Pameijer et al, 19 FS of RMGIC was found greater than conventional composite resin materials. The reason for higher FS in their study could be derived from the fact that resin composite was of the flowable type with low filler-to-resin ratio. In addition, bioactive RMGIC showed FS to be superior to conventional GIC materials (Fuji, Ketac) as tested in the present study. 19 The FS values for N-Ceram, ACTIVA, and SDR were higher than the benchmark value of ISO (80 MPa), which is satisfactory for outer occlusal surface restorations as per ISO standard. The difference in the FS of tested materials is attributed to the difference in their composition, type of resin, inorganic filler, and size and content of filler. Generally, bisphenol-A glycidyl-methacrylate (Bis-GMA) is used as a matrix resin, synthesized from an epoxy resin and methyl methacrylate; thus, it is rigid and so presents high viscosity. In addition, urethane dimethacrylate (UDMA) is one of the examples carrying higher molecular weight (MW = 470 g/mol) and low viscosity with high flexibility resulting in higher FS, elastic modulus, and hardness. 20 Moreover, Bis-EMA (ethoxylated version of Bis-GMA), a high molecular weight (MW = 540 g/mol) and lower viscosity monomer, exhibits higher DC and better mechanical properties. 21 Referring to Table 1 , the composition of N-Ceram is based on Bis-EMA, and SDR based on UDMA copolymer system, while ACTIVA is a blend of diurethane (UDMA) with other methacrylates. The high FS of these materials could be attributed to the presence of these higher molecular weight monomers. This argument can be supported by the previous studies, which showed that replacement of Bis-GMA or triethylene glycol dimethacrylate (TEGDMA) with UDMA can enhance both the FS and DTS. 22 Furthermore, the DC is known to influence mechanical properties. 22 In contrast to
Bis-GMA, UDMA has shown stronger hydrogen bonding potential, shorter cross-links, and less cyclization resulting in higher FS and elastic modulus. 23 The material stability and the filler/matrix interaction were assessed by thermocycling. Thermocycling results in surface stresses and microcracks due to high thermal gradients near the surface and filler/polymer interface respectively. 24 In the present study, although N-Ceram 22 The matrix containing Bis-GMA is an aromatic ester of a dimethacrylate, fabricated from an epoxy resin and methyl methacrylate.
Graph 3:
Presentation of surface microhardness among compared restorative materials before and after thermocycling using a bar graph This makes it rigid with high viscosity. Therefore, different materials in the present study displayed variable DTS. Interestingly, this is the first study investigating DTS and surface microhardness of bioactive (ACTIVA-Bio Active) restorative materials in comparison withconventional resin composite and GIC materials.
Regarding microhardness, Ketac exhibited highest microhardness as well as significant decrease (23%) in microhardness after thermocycling, which affirms it as the unstable material. Although N-Ceram and ACTIVA were found to have lower values of hardness before thermocycling, however, no significant difference was found before and after thermocycling. Their percent decrease in microhardness post-thermocycling was noticeably lower with values of 2.69% (N-Ceram) and 0.35% (ACTIVA) respectively. Thus, the influence of thermocycling on ACTIVA was insignificant; thereby, it may be regarded as the most stable material in terms of hardness subsequent to the thermocycling. However, no previous studies have assessed the effect of thermocycling on the FS, DTS, and VHN of bioactive (ACTIVA) materials. In addition, SDR had considerably lower value of microhardness before thermocycling, together with the higher percent decrease post-thermocycling, which may be attributed to the presence of organic matrix, based on UDMA. This finding is in agreement with Sideridou et al 25 and Ho et al, 26 who found that microhardness and stability values of UDMA-based material decreased significantly after thermocycling. Therefore, larger microhardness value of N-Ceram may also endow with the inclusion of Bis-GMA.
CONCLUSION
Bioactive restorative material (ACTIVA Bulk Fill) showed comparable FS and DTS with conventional RBC in an in vitro environment. The bioactive material (ACTIVA Bulk Fill) showed properties (DTS and FS) superior to GIC (Fuji and Ketac). Durability of ACTIVA Bulk Fill was comparable or superior to conventional restorative materials.
